A bolus treatment (e.g., 25 mg) of prostaglandin F 2alpha (PGF) in the study of luteolysis in cattle results in dubious interpretations. Therefore, in experiment 1 of the present study, a 13,14-dihydro-15-keto-PGF (PGFM) pulse was simulated by incremental intrauterine (IU) infusion of PGF for 2.7 h on Day 14 postovulation. Concentrations of PGFM during the first hour of infusion and at the maximum were not different between simulated (n ¼ 7) and spontaneous (n ¼ 7) pulses. In experiment 2, four groups (n ¼ 6 per group) were treated at Minute 0 (beginning of infusion) as follows: saline (infused IU), PGF (infused IU), acyline/saline, and acyline/PGF. Two hours before Minute 0, each heifer was given flunixin meglumine to inhibit endogenous PGF secretion, and heifers in the acyline/saline and acyline/PGF groups were given acyline to inhibit luteinizing hormone (LH). Plasma progesterone concentrations were similar among groups during Minutes 0 to 60, with no indication of an initial transient progesterone increase in the two PGF groups. Progesterone began to decrease in the PGF groups at Minute 60 and to rebound at Minute 135 after the PGFM peak at Minute 120. The rebound was complete in association with an increase in LH in the PGF group, but it was not complete when LH was inhibited in the acyline/PGF group. Luteal blood flow increased during PGF infusion in the two PGF groups and remained elevated for approximately 2 h after the PGFM peak in the PGF group but not in the acyline/PGF group. Novel findings were that an initial transient increase in progesterone did not occur with the simulated PGFM pulse and that LH stimulated a progesterone rebound and maintained the elevated luteal blood flow after the PGFM peak.
INTRODUCTION
Prostaglandin F 2a (PGF), the natural luteolysin, is secreted from the endometrium and causes luteolysis in many animal species, including cattle [1] . The PGF is secreted in pulses based on assay of the PGF metabolite 13,14-dihydro-15-keto-PGF (PGFM) [2, 3] . Several PGFM pulses occur each day, and each pulse is several hours in duration. Completion of luteolysis in farm animals (cattle, horses, and sheep) usually requires more than one pulse of PGFM [4] [5] [6] [7] .
In cattle [7] [8] [9] and horses [10] , a conventional bolus treatment with PGF that causes complete luteolysis with a single treatment is pharmacological, and its use in the study of luteolysis may lead to dubious physiological interpretations. Therefore, infusion of PGF to approximately simulate a natural PGFM pulse during luteolysis has been used in cattle [7] [8] [9] and horses [10] . In cattle, a pulse was simulated by an intrauterine (IU) infusion of 0.5 mg of PGF over 2 h at a constant flow rate. The PGFM concentration increased gradually to a 1.5-h plateau that was similar to the mean of three maximum concentrations of a spontaneous pulse [7, 11] . The simulated pulse, however, did not mimic the gradual incline and decline of a spontaneous pulse. Spontaneous pulses involve a gradual increase in PGFM for 2 or 3 h until the maximum is reached [5, [12] [13] [14] , whereas simulated pulses reach maximum in 30 min [8] or 45 min [7] . In addition, the infusion was given on an unnatural day (9 or 10 days postovulation) relative to the day of spontaneous luteolysis, which usually begins on Day 15, 16, or 17 after ovulation in cattle [5, 13, 15] .
A bolus luteolytic dose of PGF stimulates a transient progesterone increase within 10 min in cattle [7, [16] [17] [18] and horses [10] . A less prominent transient increase in progesterone occurs within 14 min in cattle [8] but was not detected in horses [10] in association with PGF infusion to simulate a natural PGFM pulse. Based on the assay of hourly plasma samples, a transient increase in progesterone before a decrease was not detected during the ascending portion of a PGFM pulse during late preluteolysis and luteolysis in cattle [12, 13] , but it likely would have been missed because of the transient increase followed by a decrease in progesterone concentration in less than 1 h during a simulated pulse [8] .
In cattle, after the initial increase, progesterone concentration transiently decreases for 1 or 2 h and then increases or rebounds to the preinfusion concentration (complete progesterone rebound) during a simulated PGFM pulse [8, 9] . The progesterone decrease after the rebound is followed by a resurgence in progesterone so that the interval to ovulation is not shortened by the single simulated PGFM pulse. Within the hours of the last PGFM pulse of the preluteolytic period, progesterone concentration decreases during the ascending portion of the pulse and completely rebounds after the peak of the pulse [12, 13] . However, after a single luteolytic bolus dose of PGF, the progesterone concentration may not rebound or may rebound incompletely [8, 9] and is not followed later by a resurgence in progesterone [9] . The progesterone rebound during a simulated PGFM pulse [8] or a spontaneous PGFM pulse during the preluteolytic period [12] is temporally associated with an increase in luteinizing hormone (LH). In addition, 77% of LH peaks occurred at the same hour as the peak of a progesterone fluctuation during the preluteolytic period [19] , indicating a positive temporal association between pulses of LH and progesterone concentrations. However, the roles of LH in the progesterone rebound during simulation of a PGFM pulse and of the progesterone rebound in subsequent luteolysis are not known.
Within a spontaneous PGFM pulse during luteolysis, luteal blood flow increases gradually during the ascending portion of the pulse until the peak, remains elevated for approximately 2 h during the descending portion of the pulse, and then decreases [5] . During a simulated PGFM pulse, luteal blood flow increases 1 h after the beginning of infusion and reaches a peak at 2 h, in temporal association with an increase in LH [8] .
The luteal blood flow is maintained at the elevated level for approximately 1.5 h after the end of infusion and then decreases sharply. LH is known to increase vascular perfusion in tissues [20] [21] [22] [23] , and an LH surge is associated with an increase in blood flow in the wall of the preovulatory follicle [24, 25] . It is not known, however, if the temporal associations between luteal blood flow and LH during the hours of a PGFM pulse are functionally related. Acyline is a long-acting antagonist of gonadotropin-releasing hormone (GnRH) receptor [26] , which competitively inhibits GnRH action at pituitary receptor sites [27] and suppresses the secretion of gonadotropins. It has been used to suppress LH in cattle [28] and mares [29] .
The purpose of experiment 1 in the present study was to improve the simulation of a spontaneous PGFM pulse by increasing and then decreasing the rate of PGF infusion during a total of 2 h and 40 min. In experiment 2, the improved simulated PGFM pulse that was developed in experiment 1 and inhibition of LH concentration with acyline were used to test the following hypotheses: 1) An initial transient increase in progesterone occurs during the early portion of a PGFM pulse, 2) LH stimulates the progesterone rebound during a PGFM pulse, 3) the progesterone rebound plays a role in the later resurgence in progesterone, and 4) LH plays a role in luteal blood flow during a PGFM pulse.
MATERIALS AND METHODS

Heifers
The dairy heifers were Holsteins and 18-24 mo of age. The management of heifers, including housing, feeding, and ultrasonographic monitoring for ovulation detection, has been described previously [9] . Heifers were handled according to the U.S. Department of Agriculture Guide for Care and Use of Agricultural Animals in Agricultural Research and Teaching. Heifers were selected with docile temperament and no apparent abnormalities of the reproductive tract, as determined by ultrasound examinations [30] . The experiments were done during May and June 2010 in the northern temperate zone.
Ultrasound Scanning and Catheterization
The procedures for transrectal ultrasound scanning and estimation of luteal blood flow have been described previously [5, 8, 9, 31] . Briefly, a duplex Bmode (gray scale) and pulsed-wave color-Doppler ultrasound instrument (Aloka SSD 3500; Aloka American) equipped with a linear-array, 7.5-MHz transducer was used. B-mode was used for daily scanning of the ovaries to determine the day of ovulation and the cross-sectional area (cm 2 ) of the corpus luteum (CL) as described previously [5] . Heifers with multiple CLs or a CL having a cross-sectional area of less than 3 cm 2 in the evening on Day 13 (Day 0 ¼ day of ovulation) were not used. Power-Doppler mode was used for estimating the percentage of CL area with color-Doppler signals of luteal blood flow from the real-time sequential two-dimensional planes of the entire CL; the technique has been described and validated for the CL of heifers [5, 31, 32 ].
An indwelling catheter was placed in a jugular vein the day before the experiments and was used for frequent blood sampling. Before catheter insertion, the heifers were sedated with 14 mg/heifer of intramuscular (IM) xylazine hydrochloride (AnaSed Injection; Akorn, Inc.). Xylazine sedation produces hemodynamic effects when assessed in a major artery (internal iliac) but does not affect vascular perfusion of the ovaries in heifers [32] .
Modified PGF-Infusion Protocol
Dinoprost tromethamine (Lutalyse; Pfizer Animal Health) was used for IU infusion of PGF. According to the manufacturer, the product contains the naturally occurring PGF (dinoprost) as the tromethamine salt. Vehicle (15 ml of PBS) or PGF (0.5 mg in 15 ml of PBS) was infused through a catheter into the cranial portion of the uterine horn ipsilateral to the ovary with the CL. Heifers were lightly sedated with IM xylazine hydrochloride (10 mg/heifer; AnaSed Injection) 10 min before the beginning of transrectal manipulation of the reproductive tract for insertion of the catheter. The procedures for placement of the catheter into the uterus and the use of a variable-flow peristaltic mini-pump for infusion have been described previously [9] . However, instead of the constant flow rate of 6 ml of fluid over 2 h that was used previously to deliver a total of 0.5 mg of PGF, the rate was manually adjusted every 20 min. Pump settings were previously calibrated so that the resulting PGFM concentrations would approximate the increasing and decreasing portions of a spontaneous PGFM pulse. The beginning of the infusion was designated as Minute 0. The required volume of fluid was given in six increasing 20-min increments followed by two decreasing 20-min increments (total period of infusion ¼ 2 h and 40 min). The total volume of fluid and the total content of PGF given during each successive increment were as follows: 1) 0.6 ml, 20 lg; 2) 1.2 ml, 40 lg; 3) 1.8 ml, 60 lg; 4) 2.4 ml, 80 lg; 5) 3.0 ml, 100 lg; 6) 3.6 ml, 120 lg; 7) 1.8 ml, 60 lg; and 8) 0.6 ml, 20 lg. The amount of PGF infused during the first 20 min was less than 25% of the amount infused during 20 min of the constant flow rate that was used previously (20 vs . 84 lg of PGF). The maximum flow rate occurred at the sixth increment and resulted in infusion of approximately 1.5-fold the amount infused per 20 min with the constant flow rate (120 vs. 84 lg of PGF). The IU catheter was removed after the infusion was stopped. Day 14 postovulation was chosen as the optimal day for the experiments for two reasons. First, Day 14 is before the beginning of luteolysis in most heifers [5, 15, 33] . Second, a single IM injection of exogenous estradiol (0.1 mg) on Day 14 induces a PGFM pulse [34] .
Experiment 1
Experiment 1 was done to compare the PGFM profiles for the incremental infusion procedure with the profiles for spontaneous PGFM pulses. Seven heifers were used. On the day of the experiment, each heifer was treated with flunixin meglumine (FM; 50 mg/ml; Flumeglumine; Phoenix Pharmaceutical, Inc.) as a single IM injection at the dose of 2.5 mg/kg at Minute À90. An earlier study [35] indicated that the 2.5-mg dose of FM prevented endogenous PGF secretion for 8 h in heifers. The pretreatment with FM was expected to inhibit the secretion of PGF during transrectal manipulation of the reproductive tract and during the insertion and presence of the IU catheter. FM was given 1.5 h before the beginning of the infusion, based on the interval required for FM to become effective in the earlier study. Transrectal reproductive-tract manipulation for placement of the catheter into the uterus began at Minute À30 and was completed within 30 min. Infusion began at Minute 0 using the incremental PGF-infusion rates described above.
Blood samples (;10 ml) were collected from the indwelling venous catheter at Minutes À90, À30, 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60 , 80, 100, 120, 140, 160, 180, 210, and 240. Blood samples were collected immediately before a manipulation of the reproductive tract or a change in infusion rate. Hourly plasma samples corresponding to the first spontaneous PGFM pulse during luteolysis in seven heifers from a previously reported study [13] were assayed together with samples from experiment 1 of the present study for PGFM after randomization of the spontaneous and simulated pulses.
Experiment 2
Experiment 2 was done on Day 14 postovulation in 24 heifers. Heifers were randomized within each replication into four treatment groups (n ¼ 6 heifers/ group): saline, PGF, acyline/saline, and acyline/PGF. The saline group received an IU infusion of 15 ml of PBS and the PGF group an IU infusion of 0.5 mg of PGF in 15 ml of PBS (infusion time ¼ 2 h and 40 min). The procedure for the incremental infusion that was evaluated in experiment 1 was used. The acyline/ saline group received IM treatment with acyline and IU infusion of PBS. The acyline (CBD 3883H; National Institute of Child Health and Human Development, National Institutes of Health) was given IM at a dose of 6 lg/
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kg in approximately 3 ml of 5% D-mannitol in double-distilled H 2 O at Minute À120. The dose of acyline used was twice the minimal dose in our titration study [28] . The acyline/PGF group was given acyline as described for the acyline/saline group and IU infusion of PGF as described for the PGF group. All heifers received FM treatment (2.5 mg/kg) as a single IM injection at Minute À120. Transrectal manipulation of the reproductive tract for placement of the catheter into the uterus began at Minute 
Hormone Assays
Blood samples were collected into heparinized tubes and immediately placed in an ice-water bath and centrifuged (2000 3 g for 10 min). The plasma was decanted and stored at À208C until assay. Plasma samples from experiment 1 were assayed for PGFM. Plasma samples from experiment 2 were assayed for PGFM, progesterone, and LH. The PGFM assay was done by an enzyme immunoassay that was developed in our laboratory for measuring concentrations of PGFM in bovine plasma [8] . The intra-and interassay coefficients of variation (CVs) and sensitivity for experiment 1, including both the spontaneous and simulated pulses, were 13.9%, 14.7%, and 5.0 pg/ml, respectively; for experiment 2, they were 6.1%, 16.7%, and 1.2 pg/ml, respectively. Plasma progesterone concentrations were assayed with a solidphase radioimmunoassay kit containing antibody-coated tubes and 125I-labeled progesterone (Coat-A-Count Progesterone; Diagnostic Products Corporation). The procedure has been validated and described in detail for bovine plasma in our laboratory [5] . The intra-and interassay CVs and sensitivity were 5.9%, 6.7%, and 0.01 ng/ml, respectively. Plasma LH concentration were determined as described previously [36] , and the intra-and interassay CVs and sensitivity were 2.8%, 3.3%, and 0.04 ng/ml, respectively.
Statistical Analyses
Data that were not normally distributed based on the Shapiro-Wilk test were transformed to natural logarithms or ranks. For experiment 1, PGFM data were analyzed for main effects of minute. For experiment 2, data were analyzed separately for Minutes À120 to 0 and Minutes 0 to 360. The analysis for Minutes À120 to 0 involved the combined saline and PGF groups that did not receive acyline (no-acyline group) and the combined acyline/saline and acyline/ PGF groups (acyline group). The analysis of data from Minutes 0 to 360 involved all four individual groups. The data for PGFM, progesterone, luteal blood flow, and LH were analyzed for main effects of group and minute and group 3 minute interaction. The analysis was done using SAS PROC MIXED (Version 9.2; SAS Institute, Inc.) with a REPEATED statement to minimize autocorrelation between sequential measurements and with spatial power to account for uneven intervals between samples. When an interaction was obtained, group, minute, and their interaction were further analyzed. Least significant difference test was used between two minutes within a group to locate significant increases and decreases. Duncan multiple-range test or Student t-test was used to locate differences among or between groups within a minute. Percentage change from Minute 0 was used for luteal blood flow because of apparent differences among groups just before the beginning of infusion (Minute 0). The discrete end points for progesterone concentrations during the simulated PGFM pulse in PGF and acyline/PGF groups are presented in Table 1 and were compared by Student t-test. The proportions of heifers that underwent a decrease of 50% or more in progesterone concentration within a day after the infusion in each group were analyzed by Fisher exact test. The number of days from infusion (Day 14 postovulation) to complete luteolysis (progesterone concentration ,1.0 ng/ml) were compared among groups by Duncan multiple-range test. A probability of P 0.05 indicated that a difference was significant, and a probability of P . 0.05 to P 0.1 indicated that significance was approached. Data are presented as the mean 6 SEM.
RESULTS
Experiment 1
The PGFM concentrations during the incremental infusion of PGF for the improved simulation of a PGFM pulse and the concentrations during a spontaneous PGFM pulse are shown in Figure 1 . The FM treatment reduced (P , 0.05) the PGFM TABLE 1. Mean 6 SEM concentrations of progesterone for discrete end points during an improved simulated PGFM pulse in PGF and acyline/PGF groups (n ¼ 6 heifers/group). The increasing PGFM concentration in the spontaneous pulse for 2 h before the peak and the decrease for 2 h after the peak are shown in Figure 1 . The maximum PGFM concentrations in individuals (261.3 6 34.1 pg/ml) during the incremental PGF infusion did not differ (P . 0.1) from the peak concentration (330.4 6 58.4 pg/ml) for the spontaneous pulses.
Experiment 2
The minute effect extending from the FM treatment (Minute À120) to the beginning of IU infusion (Minute 0) was significant for concentrations of PGFM (P , 0.0001), progesterone (P , 0.0001), and LH (P , 0.01). The group effect and group 3 minute interaction were not significant for any end point, and the pooled data are shown in Figure 2 . The PGFM concentration decreased (P , 0.05) between Minutes À120 and À60 and increased (P , 0.05) between Minutes À60 and 0. Progesterone concentration decreased (P , 0.05) between Minutes À120 and À90, increased (P , 0.05) between Minutes À60 and À50, and did not change thereafter. The LH concentration decreased (P , 0.05) between Minute À60 and À50 and did not change thereafter.
Concentrations of PGFM, progesterone, and LH and percentage of luteal area with color signals from Minutes 0 to 360 in the four groups are shown in Figure 3 . For PGFM concentration, the main effects of group and minute and the group 3 minute interaction were significant (P , 0.0001). The interaction represented an increase in concentrations between Minutes 0 and 120 and a decrease between Minutes 120 and 300 in the PGF and acyline/PGF groups (P , 0.0001) and no significant changes in the saline and acyline/saline groups. Except for Minutes 0 and 360, concentrations were greater (P , 0.05) in the PGF and acyline/PGF groups than in the other groups within each minute. Each heifer was treated IM with FM at a dose of 2.5 mg/kg. Heifers that were to be in the acyline/saline and acyline/PGF groups were treated at Minute À120 with IM acyline at a dose of 6 lg/kg (acyline group), and the others were untreated (no-acyline group). Transrectal reproductive-tract manipulation to place a catheter into the uterus began at Minute À60 and was completed within 30 min. The minute effect, but not the group effect or the group 3 minute interaction, was significant for each hormone. Therefore, data for heifers in acyline and no-acyline groups were combined and presented. FIG. 3 . Concentrations (mean 6 SEM) of PGFM, progesterone, and LH and percentage of luteal area with color signals of blood flow from infusion of saline or PGF (total 0.5 mg) with incremental changes in flow rate every 20 min with or without a single IM acyline treatment (6 lg/kg) 2 h before the beginning of infusion (n ¼ 6 heifers/group; experiment 2). Each heifer was treated IM with FM (2.5 mg/kg) 2 h before the beginning of infusion (Minute À120). The interaction of group and minute was significant for each end point, except that only the group effect was significant for LH. For luteal blood flow, the differences among groups at each time point were compared using percentage change from Minute 0. At each time point, groups with no common letters were different (P , 0.05).
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For progesterone concentration, the minute effect (P , 0.0001) and the group 3 minute interaction (P , 0.0002) were significant, and the group effect approached significance (P , 0.07). Concentration was lower (P , 0.05) at each of Minutes 105 to 150 and at Minutes 330 and 360 in the PGF and acyline/ PGF groups than in the other two groups. Concentration was lower only in the acyline/PGF group at Minute 165. No differences were observed among groups at Minutes 180 to 300. When progesterone concentrations for Minutes 0 to 360 were analyzed separately for each group, a minute effect was found for the PGF group (P , 0.03) and acyline/PGF group (P , 0.0001) but not for the other two groups. In the PGF group, progesterone concentration first decreased (P , 0.05) between Minutes 45 and 90, increased (P , 0.05) between Minutes 135 and 150, and decreased again between Minutes 240 and 270. In the acyline/PGF group, progesterone concentration first decreased (P , 0.05) between Minutes 15 and 30, increased (P , 0.05) between Minutes 135 and 180, and decreased (P , 0.05) again between Minutes 210 and 300. To look for a progesterone increase before the decrease, a separate 2 (Minute 0 and minute of maximum concentration during Minutes 15 to 60) 3 4 (groups) factorial analysis showed only the main effect of minute (P , 0.0006) and not of group or an interaction.
The discrete end points for progesterone in the PGF and the acyline/PGF groups during Minutes 0 to 360 are presented in Table 1 . The maximum progesterone concentration during rebound in individuals and the amplitude of the rebound were greater (P , 0.02) in the PGF group than in the acyline/PGF group (10.3 6 0.8 vs. 7.9 6 0.6 ng/ml and 5.9 6 1.0 vs. 3.4 6 0.4 ng/ml, respectively). The interval from the nadir to the peak of the rebound was shorter (P , 0.05) in the PGF group than in the acyline/PGF group (52.5 6 8.4 vs. 75.0 6 9.5 min, respectively). The maximum progesterone concentration during rebound in individuals was greater (P , 0.03) than the progesterone concentration at the beginning of infusion in the PGF group (10.3 6 0.8 vs. 8.6 6 0.7 ng/ml, respectively) but was lower (P , 0.02) in the acyline/PGF group (7.9 6 0.6 vs. 9.7 6 0.6 ng/ml, respectively).
The percentage of CL area with color signals of blood flow during Minutes 0 to 360 showed a minute effect and a group 3 minute interaction (each P , 0.0001). Because of an apparent difference among groups in blood flow at Minute 0, the data were converted to percentage change from Minute 0 to each subsequent time point for comparing groups within each time point. The percentage changes at Minute 45 and Minutes 90 to 240 was greater (P , 0.05) in the PGF and acyline/PGF groups than in the saline and acyline/saline groups, with an exception of Minute 120 for the PGF group and Minute 240 for the acyline/PGF group. No differences (P . 0.05) were observed among groups for Minutes 270 and 300, but a greater (P , 0.05) percentage change was found at Minutes 330 and 360 in the PGF and acyline/PGF groups than in the saline group. When blood flow was analyzed separately for each group using actual data, a minute effect was observed for the saline group (P , 0.02), PGF group (P , 0.0001), and acyline/PGF group (P , 0.0001). In the saline group, the first decrease (P , 0.05) in luteal blood flow occurred between Minutes 15 and 180. In the PGF group, luteal blood flow increased (P , 0.05) between Minutes 0 and 45 and decreased (P , 0.05) between Minutes 240 and 270. In the acyline/PGF group, the blood flow increased (P , 0.05) between Minutes 15 and 45 and decreased (P , 0.05) between Minutes 150 and 210.
For LH concentration, only the group effect was significant (P , 0.0009). Averaged over minutes, the LH concentration for each group was as follows: saline, 0.16 b 6 0.01 ng/ml; PGF, 0.20 a 6 0.01 ng/ml; acyline/saline, 0.09 d 6 0.004 ng/ml; and acyline/PGF, 0.11 c 6 0.005 ng/ml (means with a different letter are significantly different, P , 0.05). Although the interaction was not significant, concentration of LH was greater (P , 0.05) in the PGF group than in each of the acyline/saline and acyline/PGF groups during Minutes 150 to 360. Concentration was greater in saline group than in the each of acyline/ saline and acyline/PGF groups during each of Minutes 210 to 360. When LH concentrations were analyzed separately for each group, a minute effect was found only in the PGF group (P , 0.003). The LH concentration in the PGF group first increased (P , 0.05) between Minutes 0 and 15, decreased (P , 0.05) between Minutes 15 and 45, and then increased (P , 0.05) again between Minutes 135 and 150.
A greater proportion of heifers in the PGF group (5/6; P , 0.02) and in the acyline/PGF group (6/6; P , 0.002) underwent a decrease of 50% or more in progesterone within 1 day after the infusion than in the saline (0/6) and the acyline/ saline (0/6) groups. The number of days from infusion to complete luteolysis (progesterone concentration , 1.0 ng/ml) was 3.7 a 6 0.4, 3.4 ab 6 0.5, 2.4 bc 6 0.4, and 2.0 c 6 0.3 in saline, acyline/saline, PGF, and acyline/PGF groups, respectively (means without a common superscript letter are different; P , 0.05).
DISCUSSION
In experiment 1, the incremental PGF infusion procedure produced a PGFM-concentration profile that adequately simulated a spontaneous PGFM pulse for meaningful testing of the hypotheses. Treatment of heifers with FM on Day 14 postovulation reduced the endogenous PGFM concentration to the basal level within 1 h. By the beginning of PGF infusion, the concentration was not different from the concentration at the beginning of the spontaneous pulses. During infusion, the PGFM concentrations increased gradually until the peak before a gradual decrease without a plateau and was similar to the spontaneous pulse. The maximum PGFM concentration during the simulated PGFM pulse was not different from the peak of the spontaneous PGFM pulse.
In experiment 2, transrectal manipulation of the reproductive tract for insertion of the IU catheter resulted in an increase in PGFM during the hour before the beginning of PGF infusion despite FM treatment. However, the increase was slight, and the concentration (16.3 6 1.7 pg/ml) was lower (P , 0.05) than the pretreatment concentration (39.3 6 6.1 pg/ml). The acyline treatment suppressed LH concentration within 1 h and 10 min, well before the beginning of infusion. The reason for suppression of progesterone concentration detected during the first hour after FM/acyline treatment is not known but could have been associated with suppression of other prostaglandins that have a positive effect in progesterone. In this regard, prostaglandin E 2 interferes with luteolysis in ruminants [37] [38] [39] [40] . The decrease, however, was not associated with LH concentration, because a significant decrease in LH occurred only after the first hour. The decrease in progesterone during the first hour should not have affected the testing of the hypotheses in that progesterone was at the expected diestrous concentration by the beginning of the infusion. Experiment 2 included controls (i.e., saline and acyline/saline) in addition to the PGF-treated groups (PGF and acyline/PGF) (Fig. 3) . The basal PGFM concentrations in the two saline groups and the suppressed LH concentrations in the two acyline groups were maintained throughout the experimental period (6 h from the beginning of infusion), indicating the effectiveness of the respective FM and acyline treatments. Moreover, the FM and/ 486 or acyline treatments did not appear to alter the simulated PGFM pulse that resulted from infusion of exogenous PGF.
Hypothesis 1-that an initial transient increase in progesterone occurs during the early portion of a PGFM pulse-was not supported. This was indicated by the absence of an increase during the early portion of the simulated PGFM pulse. In addition, the increase to maximum at any minute in individuals during the first hour was not different between the PGF and non-PGF groups. A transient increase was expected to occur within the first hour of incremental PGF infusion (equivalent to 120 lg of PGF) in the present study based on previous observations [8, 9] that a transient increase occurred within 20 min (equivalent to 84 lg of PGF) during simulation of a PGFM pulse by infusion of PGF at a constant rate for 2 h. The incremental infusion in the present study well tested the hypothesis in that the PGFM concentrations at 5-min intervals during the first hour of infusion closely resembled the concentration increase during the first hour of a spontaneous pulse (Fig. 1) . The initial rate of PGF infusion in the present study was 4-fold lower (20 lg per 20 min) compared to the previous studies using a constant infusion rate (84 lg per 20 min) [8, 9] . This difference in the exposure rate of the CL to PGF during the time of the expected transient progesterone increase likely accounts for the lack of a transient progesterone increase in the present incremental infusion study. Abrupt exposure of the luteal cells to a large amount of PGF either with a bolus injection of PGF or with constant infusion of PGF may have had a direct stimulatory effect on luteal steroidogenesis [41] [42] [43] [44] . However, the exposure of the luteal cells to a small amount of PGF as occurred initially during the beginning of the improved simulated PGFM pulse or a spontaneous PGF pulse apparently did not directly stimulate luteal steroidogenesis. The finding that an initial transient increase in progesterone was not detected during a simulated PGFM pulse is novel and further supports the conclusion [7] [8] [9] that a gradual physiological dose, route, and day of exogenous PGF administration better represent the natural changes during luteolysis than a single bolus dose that induces complete luteolysis. The absence of a transient progesterone increase during the initial portion of a simulated PGFM pulse is consistent with the recent report [14] that a transient progesterone increase was not detected in samples collected every 15 min during the first hour of an estradiol-induced PGFM pulse.
During the ascending portion of a spontaneous PGFM pulse, progesterone concentration decreases and is lowest when the PGFM concentration reaches the peak (i.e., ;2-3 h from the beginning of the pulse) [12, 13] . During the improved simulated PGFM pulse, progesterone reached its lowest concentration approximately 2 h from the beginning of infusion. At this time, the PGF infusion was at the maximum rate, and the PGFM concentration reached the peak. The progesterone decrease during the ascending portion of the simulated pulse is consistent with the decrease during a spontaneous pulse. During a constant rate of infusion of PGF, progesterone reaches its lowest concentration earlier (about an hour from the beginning of infusion) [8, 9] .
A complete progesterone rebound occurred in association with the improved simulated PGFM pulse in the PGF group and is consistent with results from a simulated PGFM pulse with constant PGF infusion [8, 9] , a spontaneous pulse during the late preluteolytic period [12, 13] , and an estradiol-induced pulse on Day 14 after ovulation [34, 45] . In addition, the beginning of a progesterone rebound coincided with the decrease in PGF-infusion rate and the associated decrease in PGFM concentration during the descending portion of the simulated pulse. These temporal PGFM/progesterone relationships during a simulated pulse are similar to the progesterone rebound during a spontaneous PGFM pulse late in the preluteolytic period [12, 13] . The temporal association between the progesterone rebound and increase in LH in the present study confirmed our earlier report [8] and is in agreement with the results for a spontaneous [12, 19] or an estradiol-induced [45] PGFM pulse.
Hypothesis 2-that LH stimulates the progesterone rebound during a PGFM pulse-was supported. In the presence of a temporally associated increase in LH, a complete progesterone rebound occurred in the PGF group. When an increase in LH was inhibited during a simulated PGFM pulse with acyline treatment (acyline/PGF group), the progesterone rebound was not complete. This was indicated by a lower maximum progesterone concentration during the rebound, a smaller amplitude of the rebound, and a longer time to reach the maximum concentration in the acyline/PGF group than in the PGF group (Table 1) . More importantly, the maximum progesterone concentration did not reach the preinfusion level in the acyline/PGF group, whereas it exceeded the level in the PGF group. The incomplete progesterone rebound in the acyline/PGF group indicated the possibilities of involvement of other factor(s) in the progesterone rebound. Progesterone is produced by large luteal cells (LLCs) and small luteal cells (SLCs) [46] . LH stimulates progesterone secretion from SLCs but not from large LLCs [47] . A lower progesterone concentration induces the secretion of LH [48, 49] , which may represent the removal of the inhibitory action of progesterone on LH release from hypophyseal cells [50] . In turn, the increase in LH may have stimulated progesterone production from SLCs, causing the progesterone rebound. This is consistent with the temporal association between an LH increase and the progesterone rebound after the peak of a spontaneous [12, 19] and estradiol-induced [14, 45] PGFM pulse. To our knowledge, this is the first experimental demonstration that the completion of a progesterone rebound requires an increase in LH.
Hypothesis 3-that the progesterone rebound during a PGFM pulse plays a role in the later resurgence of progesterone-could not be tested in the present study. Resurgence in progesterone was not detected in any of the heifers in the PGF-infused groups, except for one heifer in the PGF group in which the beginning of luteolysis occurred 11 days after the infusion. In the present study, a single improved simulated PGFM pulse in PGF and acyline/PGF groups on Day 14 postovulation induced luteolysis (progesterone concentration , 1.0 ng/ml) earlier than in saline and acyline/saline groups. An early luteolysis was not expected based on the results with single simulated PGFM pulse at a constant rate of infusion on Day 10 in which resurgence in progesterone occurred within 2 days after infusion [9] and the interovulatory interval was not shortened [8, 9] . Reportedly, multiple sequential PGFM pulses are used for complete luteolysis in cattle [7] . The reason for the absence of progesterone resurgence and occurrence of early luteolysis in PGF-infused groups in the present study is not clear but could have resulted from a greater sensitivity to PGF of a Day 14 CL compared to a Day 10 CL, a greater sensitivity of FM-pretreated CL to exogenous PGF, or early induction of spontaneous PGF pulses by the simulated pulse on Day 14 postovulation.
Hypothesis 4-that LH has a role in controlling luteal blood flow during a PGFM pulse-was only partly supported. A role for LH in the increase in blood flow during the ascending ROLE OF LH IN PROGESTERONE AND LUTEAL BLOOD FLOW portion of a PGFM pulse was not indicated, but a role in maintenance of blood flow during the descending portion of the pulse was indicated. In the PGF group, luteal blood flow increased gradually after the beginning of infusion, and the first significant increase occurred within 45 min. An increase in LH detected within this initial period apparently did not induce the gradual increase in luteal blood flow in that suppression of LH by acyline did not prevent a similar increase in luteal blood flow in the acyline/PGF group. In the PGF group, the increase in LH after the peak of PGFM was temporally associated with the maintenance of the elevated luteal blood flow for approximately 2 h after the PGFM peak before a decrease. However, the elevated luteal blood flow decreased within 30 min after the peak of PGFM in the absence of an increase in LH in the acyline/PGF group. During a spontaneous PGFM pulse, elevated luteal blood flow is maintained for 2 h after the peak of PGFM before decreasing [5] , similar to the 2-h maintenance in the PGF group of the present study.
Luteinizing hormone is known to increase vascular perfusion in tissues of many mammalian species [20] [21] [22] [23] . An infusion of LH increases ovarian blood flow in ewes [51] . During the periovulatory period in cattle, a spontaneous or GnRH-induced LH surge was associated with an increase in blood flow in the wall of the ovulatory follicle [24, 25] . The LH surge stimulates production of PGF in the ovulatory follicle in cattle [52] , and PGF is required for ovulation [53, 54] . However, the LH concentration during a simulated PGFM pulse [8] or a spontaneous pulse during luteolysis [12, 19] does not increase to the magnitude of a preovulatory LH surge [24, 25] . The demonstrated role of a physiological increase in LH during a PGFM pulse on the maintenance of elevated luteal blood flow after the peak of a PGFM pulse is novel. The results of studies involving treatment with a bolus luteolytic dose of PGF have indicated a role for nitric oxide as the mediator of PGF in the initial increase in luteal blood flow [55, 56] . However, it is unknown if an increase in nitric oxide occurs in response to a simulated PGFM pulse or a spontaneous PGFM pulse.
In conclusion, the incremental PGF infusion procedure produced a PGFM pulse that had a peak PGFM concentration and ascending and descending portions similar to those of a spontaneous PGFM pulse. Results indicated, to our knowledge for the first time, that an initial transient increase in progesterone does not occur during the early portion of a PGFM pulse, based on the negative results for the improved simulated PGFM pulse. The increase in LH after the peak of a simulated PGFM pulse had a role in the complete progesterone rebound during the PGFM pulse, as indicated by a reduction in the rebound in heifers with a GnRH antagonist. Although the initial gradual increase in luteal blood flow was not shown to be a function of LH, the results indicated that LH has a role in the maintenance of elevated luteal blood flow for approximately 2 h after the peak of PGFM. The demonstrations of a role for LH in the progesterone rebound and in the maintenance of elevated luteal blood flow in association with a PGFM pulse are novel.
